The mixed forests of the upper Rio Negro at the northern of the Amazon basin grow in oxisol soils that are extremely infertile. These areas exhibit deficiencies in several macro-nutrients, and may also be characterized by the shortage or toxic excess of some micronutrients. The overall goal of this research is to collect more comprehensive information regarding the micronutrient composition of the upper Rio Negro forests as well as discern the relationship between leaf micro-and macro-nutrients that may contribute to the homeostasis and balance of the ionome. Firstly, the nutrient composition within the oxisol soil and leaf tissues of two top canopy tree species from the mixed forests was determined. We then analyzed the relationship between leaf micronutrient composition with N and P levels of the two species and that of species inhabiting the Amazon caatinga. Extractable soil Zn, B, Mn and Cu were very low in the mixed forest. In contrast, Fe and Al levels were potentially toxic. The analysis of leaf N/P ratios revealed for the first time the co-limitation of N and P in the mixed forest. This contrasts with species from the adjacent Amazon caatinga toposequence that are characterized by strong N limitation. All micronutrients within leaves of species inhabiting the mixed forest were also found to have low concentrations. Moreover, Fe and Al were detected at concentrations well below those reported for accumulator species. This suggested that leaf ion homeostasis was maintained under potentially toxic soil Fe and Al conditions. Leaf micronutrient (Fe, Zn and B) contents mirrored that of leaf N and P contents, and comparable Fe/N, Fe/P, Zn/N, Zn/P, B/N as well as B/P ratios were found across species and forest types. Therefore, forest species exhibited the capability to maintain leaf nutrient balances under soil conditions with deficient or toxic levels of micronutrients.
Introduction
Many soils located in tropical rainforests are formed from materials that are highly weathered and strongly leached. These areas exhibit deficiencies in several macro-nutrients, and may also be characterized by the shortage or toxic excess of some micronutrients [1] [2] . In general, this issue has been widely analyzed and discussed within the context of agronomic constrains and management of fertilization strategies [3] . In contrast, few studies have investigated the role of micronutrients in nutrient cycles, litter decomposition and possible interactions with macronutrients in natural tropical ecosystems [4] [5] . A first approach would be to analyze the plant ionome and to identify possible interactions between elements in species inhabiting these environments.
Comparative elemental profiles will yield valuable insight into how the plant ionome responds to the environment and provides clues to explore the genetics that control the homeostasis of the ionome [6] [7] . Physiological mechanisms that enable plants to respond to environmental conditions through the flexible modification of key regulators of cellular physiology may be highly selected in order to maintain ionic homeostasis [8] .
A large portion of Amazonia is characterized by lowland evergreen and highly diverse forests thriving on non-flooded oxisol soils. The mixed forests of the upper Rio Negro at the northern tip of the Amazon basin grow in oxisol soils that are extremely infertile. The poor soils typical of this area result from a lack of geological activity and sand deposition from Precambrian formations of the Guiana Shield [9] . This mixed forest has high species diversity and occupies the rolling hills rising up to 50 m above river level, whereas the lowland areas comprise the Amazon caatinga continuum whose soils are largely podzolized sands [10] [11] . Historically, the mixed forest has been considered limiting in P, Ca and Mg as compared to the strongly N-limited Amazon caatinga [12] . However, a recent analysis of soil and leaf nitrogen isotopic signatures (δ 15 N) in both forests types showed that the mixed forest is poor in N as well, and consequently nitrogen cycling is tight [13] . Indeed, the oldest and/or the most chemically weathered forest soils of the Amazon support ecosystems with limitations in their productivity due to low levels of nitrogen availability [14] .
Although macronutrient levels have been studied intensively and compared across species in the mixed forest [12] [15], the micronutrient composition has not been analyzed. The overall goal of this research is to collect more comprehensive information regarding the micronutrient composition of the upper Rio Negro forests as well as discern the relationship between leaf micro-and macro-nutrients that may contribute to the homeostasis of the ionome. Firstly, the nutrient composition within the oxisol soil and leaf tissues of two top canopy tree species from the mixed forests was determined. We then analyzed the relationship between leaf micronutrient composition with N and P levels in two species residing in the mixed forest as well as species inhabiting the Amazon caatinga [16] . This approach allowed us to test the hypothesis that leaf micronutrient levels would be coupled to the macronutrient levels, particularly N and P, in order to maintain the balance between nutrients under environmental conditions characterized by either deficient or toxic levels of micronutrients.
Material and Methods

Study Site
The study site is located in southern Venezuela near the town of San Carlos de Rio Negro (1˚54'N, 67˚3˚W, 119 m ASL), located in the margin of the upper Rio Negro in the Amazon region. The climatic conditions at this site are typical of tropical rainforest areas, with a mean annual temperature of 26˚C and a mean annual rainfall of 3600 mm. This area has been described in a number of other studies [9] - [11] .
Tree Species
This study focused on the nutrient composition of leaves sampled from two canopy trees species dominant in the mixed forest on oxisol soil: Caryocar glabrum (Aubl.) Pers. (Caryocaraceae) and Ocotea aciphylla (Nees & Mart. Ex Nees) Mez (Lauraceae). Subsequently, the data collected were compared with similar data from species occupying the Amazon caatinga toposequence on podzolized sands [16] . Details regarding the ecophysiology of species growing in both types of forest as previously published are presented in Table 1 [13] [17]- [21] . C. glabrum and O. aciphylla, inhabiting the mixed forest, and Eperua leucantha Benth. (Caesalpiniaceae), inhabiting the Amazon caatinga valley, possess thinner and less dense leaf blades [13] [17] . These species also exhibit relatively low fiber to protein ratios (sclerophylly index) and carbon to nitrogen ratios (C/N) [13] . In addition, these three species present with the highest, albeit negative, δ 15 N signatures, which is consistent with a very tight nitrogen cycle (Table 1) [13] . Conversely, species sampled from the slopes of the Amazon caatinga toposequence (Micranda sprucei Müll. Arg. (R. E. Schultes); Euphorbiaceae) and top mounds ((Pachira sordida (R.E. Schult.) W.S. Alverson (syn. Rodognaphalopsis discolor A. Robyns); Malvaceae and Remijia morilloi Steyerm; Rubiaceae)) tend to have thicker leaf blades with a higher sclerophyll index [13] [18] . The Amazon caatinga species exhibit a more negative δ 15 N, suggesting a stronger N limitation than the mixed forest and a very tight nitrogen cycle as well ( Table 1 ) [13] [19] . Furthermore, species thriving in the drought-prone top mounds of the Amazon caatinga support lower leaf water potentials (Ψ) and still maintain turgor (<Ψ (0) ) when compared to the of the other habitats ( Table 1 ) [20] [21] . Consequently, after several rainless days under field conditions, these species experience a lower midday (Ψ (field) ) compared to less drought-resistant species from the other habitats (Table 1 ) [20] [21] . The carbon isotopic signature (δ 13 C) reflects the long term water use efficiency and tends to increase (less negative) as stomatal conductance declines. It is also related to plant water availability [13] [20].
Leaf and Soil Sampling
For both mixed forest species, three mature trees with a fully exposed top canopy were selected and tagged for soil and plant collection during August of 2011. The entire forest floor was covered by a dense root mat covered with leaf litter [22] . Four soil samples consisting mostly of mineral soil and organic matter were collected at a depth from 0 -5 cm from the bare soil under the root mat of each tree. After all visible particles of plant material were removed by hand, the four samples were pooled in the field. The resulting soil samples were dehydrated at room temperature, ground, homogenized, and sieved though 2 mm mesh. For analysis of leaf nutrients, three top canopy branches were detached in each tagged tree and adult leaves with a healthy appearance were collected and pooled. Leaf blade samples, excluding major veins, were oven dried to a constant weight at 60˚C and ground prior to performing further analyses. A total of three pooled leaf blade samples were analyzed for each plant species.
Soil Analyses
The soil analyses were performed following previously described procedures [23] . Soil subsamples were used morilloi) inhabit the Amazon caatinga toposequence. The parameters are: leaf carbon to nitrogen ratio (C/N), leaf nitrogen isotopic signature (δ 15 N), leaf water potential (Ψ) at zero turgor (Ψ (0) ) from leaf tissue analysis, minimum leaf Ψ measured in the field (Ψ (field) ) and leaf carbon isotopic signature (δ 13 C) as reported previously in several studies [13] [17]- [21] .
for the following analyses: soil pH was measured from a mixture of 5 g of soil in distilled water at a ratio of 1:1. Organic content (OM) was determined by weight loss after combusting samples of approximately 5 -7 g. Soil exchangeable micronutrients (Fe, Mn, Zn, and Cu) as well as Al were extracted according to the Mehlich 3 soil test, and hot water was used to extract B. Subsequently, the micronutrient composition of the extracts was measured using an Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES). The soil N and C composition analysis was performed by mass spectrometry.
Leaf Analyses
Leaf samples were prepared for micronutrient measurements using the ICP-AES following procedures described previously [24] : Samples of 0.2 g were muffled and ashed, dissolved in 2 ml of 5 N HCL, heated at 200˚C for 2 min, and then brought to a 10 ml volume with de-ionized water. Prior to taking measurements, residual carbon was eliminated by centrifugation at 2000 rpm for 4 minutes. The leaf N composition was measured by mass spectrometry.
Statistical Analysis
Measurements were performed on randomly selected independent replicates. For each parameter, normality of the sampling data was assessed using the Kolmogorov-Smirnov test and equal variance of the data was tested using Levene's test. These tests showed that data were normally distributed and had equal variance. Comparisons between both species studied were made by using paired t-tests. Pearson moment correlation coefficients were used to quantify the strength of association between leaf micronutrient content with N and P content. The level of significance for statistical tests was set at p < 0.05 and all analyses were performed using Sigma Plot version 11.1 software (Systat Software, Inc., Chicago, USA).
Results and Discussion
Soil Analysis
The results of soil analysis are shown in Table 2 . The mixed forest soil was acidic with very little organic matter, C and N, as well as extremely low extractable Mn, Zn, B and Cu ( Table 2 ). The C/N ratio was approximately 19 kg•kg −1 which is slightly lower than that observed for soils harboring the caatinga species ( Table 2 ). In the oxisol soils of the mixed forest, most of the organic matter is confined above the root mat, which explains the low levels of organic matter detected in this study [22] . Soil Mn, Zn and B were within the range found in the adjacent Amazon caatinga toposequence (Table 2) [16] . Previously published data for crop soils set critical values for Mn, Zn, B and Cu at 1, 3.3, 2.4 and 1 mg•kg −1 , respectively [25] . Conversely, levels of Fe and Al were 10 -and 2.5-fold higher than the highest values found in the caatinga toposequence ( Table 2) . These results suggest that Fe and Al are potentially toxic in the oxisol soils where the mixed forest thrives. Indeed, oxisol soils are very unproductive given the soil acidity and low native fertility [3] . In this mixed forest, it is well documented that macronutrients are obtained from leaf litter and organic matter covering the root mat on the soil floor [22] . Whether this is also the case for micronutrients is unknown, but the entire forest floor is potentially exposed to high Fe and Al, and very low inputs for the other micronutrients can be expected from parental material.
Leaf Analysis
The results of leaf nutrient analyses are shown in Table 3 . Concentrations of Fe and Al were low in leaf tissues, despite the toxic levels of these metals in the soil, and were comparable to levels observed for species of the Amazon caatinga toposequence ( Table 3 ). The fact that mixed forest species did not accumulate Al or Fe in leaves implicates a very efficient mechanism for excluding these metals in photosynthetic tissue. Reference values for plant hyperaccumulation of Al are the range of 2.3 -3.9 g•kg −1 [26] , and for Fe, the reported accumulation is approximately 10 g•kg −1 [27] . Notably, these values are well above those found in this study ( Table 3) . The leaf Mn, Zn and B concentrations were low but comparable to those described for the nearby caatinga trees (Table 3) . However, the leaf Cu concentration in C. glabrum was higher than the level reported for the caatinga trees. Overall, the concentrations of Fe, Zn, B and Cu in the mixed forest trees were lower than sufficiency levels as defined for tropical crops [28] . This finding highlights that the mechanisms of nutrient acquisition, Parameters measured in this study were soil pH in water, organic matter (OM) content, extractable micronutrient content as well as total C, N, and C/N). Data for the mixed forest species are expressed as means ± SE. Range values in the adjacent Amazon caatinga toposequence were taken from a previous report [16] . Parameters are expressed as means ± SE. Statistically significant differences between the means of both species in the mixed forest are denoted as * (p < 0.05) and ** (p < 0.01). The range of leaf nutrients in the adjacent Amazon caatinga toposequence species was taken from a previous report [16] . transport and homeostasis employed by non-crop species are still poorly understood.
The concentrations of N and P macronutrients in the mixed forest trees were low and overlapped with those reported for leaves of the caatinga toposequence species (Table 3) . However, the leaf N/P ratio was higher than in the caatinga species. Leaf N/P was 18.92 ± 0.62 kg•kg −1 in the mixed forest, which was significantly higher (p < 0.001) than 12.90 ± 0.93 kg•kg −1 in the Amazon caatinga species. Furthermore, leaf N/P in the mixed forest species was lower than that found in habitats where P limitations override that of N (24 -27 kg•kg −1 ), but was higher than that found in species mostly limited by N (9 -16 kg•kg −1 ), as previously described [29] . These results indicate for first time that N and P are co-limiting macronutrients in these mixed forest species growing in oxisol soil ( Table 3) .
Micro-and Macro-Nutrients Interrelations
Determining ranges of "sufficiency" for individual nutrients has been recognized as a non-optimal method to establish or diagnose the nutritional needs of crops. Instead, it has been recommended that important pairs of nutrients are evaluated as part of a diagnosis and recommendation integrated system (DRIS) [30] . In natural forests inhabiting poor tropical soils, nutrient sufficiency ranges may also be of limited value. In the case of natural forest ecosystems, it seems equally insightful to evaluate the relationships between nutrients. Implementation of this method focuses on plant demand, and allows the assessment of nutritional balance between the nutrients in a leaf sample. Indeed, species thriving in habitats with deficient nutrient supply tend to have a constrained growth rate without apparent dysfunction [31] . This may require very tight homeostasis of each nutrient as well as a balanced macro-and micro-nutrient composition. In this study, we further explored the relationships between leaf N and P as major limiting macronutrients in this Amazon mixed forest and the somewhat limiting micronutrients (Mn, B, Zn, Cu) and those present in toxic excess (Fe). The evaluation of essential nutrients together recognizes the effect of one element (macronutrients) on the other (micronutrients) for optimal leaf physiology. Thus, we assessed the correlations between each leaf micronutrient level (Fe, Mn, B, Zn and Cu) with those of N and P. We detected linear and statistically significant correlations between leaf N and P with leaf Fe, B and Zn (Figure 1) . These relationships between pairs of nutrients suggested that micronutrients (Fe, B and Zn) mirrored the leaf concentrations of N and P.
Iron is an integral part of chlorophyll that is involved in photosynthesis [28] . Chlorophyll synthesis, including the activation of several enzymes and oxido-reduction reactions requires Zn. Zinc deficiencies are associated with low total concentrations of zinc in soils featuring highly weathered parental material and low pH such as in tropical areas [32] . Boron is a metalloid with properties intermediate between metals and non-metals. B shortage affects a number of metabolic processes such as protein, carbohydrate and nucleic acid metabolism, cell wall synthesis and membrane integrity, which ultimately impacts photosynthetic function [33] [34] . Boron-depleted soils are usually created under conditions of high rainfall and strong weathering typical of the oxisols and podzols [35] . The Fe/N, B/N and Zn/N and ratios were 2.54 ± 0.12, 1.17 ± 0.08 and 0.76 ± 0.04 g•kg −1 , respectively, and the Fe/P, B/P and Zn/P ratios were 37.59 ± 2.73, 16.78 ± 1.10 and 11.00 ± 0.61 g•kg −1 , respectively. These values reflect pooled data from six species growing in two contrasting forest types (Figure 1) . These results point to a comparable nutrient balance across species and forest types, despite the fact that both forests feature different soil conditions and micro-nutrient levels ( Table 2 ). Understanding the mechanisms underlying the homeostasis of the ionome and the balance of ion acquisition has been the subject of recent research [36] . This requires knowledge of how nutrient levels are sensed by plants and how nutrients control gene expression. The Zinc-and Iron-regulated transport Protein(ZIP) gene family encodes transporters for divalent metal ion nutrients [37] [38] . Studies suggest that uptake, translocation, and homeostasis of Zn, Fe, and Mn is controlled by the number of active transporters embedded in cell membranes. Ubiquitin (Ub) as well as other small Ub-like proteins able to conjugate with target proteins have important roles in uptake, trafficking, and maintenance of many plant essential nutrients [8] . Ubiquitination involves the conjugation of ubiquitin (Ub) onto lysine residues of acceptor proteins. This modification controls the localization and fate of many plasma membrane proteins, and appears to be a critical mechanism to maintain ion homeostasis in plants [8] . Specifically, ubiquitination is a mechanism to maintain iron and boron homeostasis in plants [39] [40] . Regulatory mechanisms that maintain N and P balance with Fe, Zn and B levels, such as those reported in this study, are currently unknown. Nonetheless, we do not preclude the possibility that an ubiquitination-like system could regulate such balances. Indeed, a novel regulatory mechanism involving an ubiquitination system has been discussed for primary carbon and nitrogen responses and metabolism as well as for maintaining the C/N balance [41] . Future research will advance our understanding of the underlying physiological mechanisms enabling plant species to thrive in native habitats characterized by soils with unusual nutrient compositions.
Conclusions
The conclusions of this study are:
1) Extractable soil Zn, B, Mn and Cu were very low in the mixed forest. In contrast, Fe and Al levels were potentially toxic.
2) The analysis of leaf N/P ratios revealed co-limitation of N and P macronutrients in the mixed forest species. This contrasts with species from the adjacent Amazon caatinga toposequence that are characterized by only strong N limitation.
3) Within leaves of species inhabiting the mixed forest, all micronutrients were also found in low concentrations. Moreover, Fe and Al were detected at concentrations well below those reported for accumulator species. This suggested that leaf ion homeostasis was maintained under potentially toxic soil Fe and Al conditions. 4) Leaf micronutrient (Fe, Zn and B) contents mirrored that of leaf N and P contents, and comparable Fe/N, Fe/P, Zn/N, Zn/P, B/N as well as B/P ratios were found across species and forest types. Therefore, forest species exhibited the capability to maintain leaf nutrient balances under soil conditions with deficient or toxic levels of micronutrients.
